Why is motility so common in bacteria? An obvious answer to this ecological and evolutionary question is that in almost all habitats, bacteria need to go someplace and particularly in the direction of food. Although the machinery required for motility and chemotaxis (acquiring and processing the information needed to direct movement toward nutrients) are functionally coupled in contemporary bacteria, they are coded for by different sets of genes. Moreover, information that resources are more abundant elsewhere in a habitat would be of no value to a bacterium unless it already had the means to get there. Thus, motility must have evolved before chemotaxis, and bacteria with flagella and other machinery for propulsion in random directions must have an advantage over bacteria relegated to moving at the whim of external forces alone. However, what are the selection pressures responsible for the evolution and maintenance of undirected motility in bacteria? Here we use a combination of mathematical modeling and experiments with Escherichia coli to generate and test a parsimonious and ecologically general hypothesis for the existence of undirected motility in bacteria: it enables bacteria to move away from each other and thereby obtain greater individual shares of resources in physically structured environments. The results of our experiments not only support this hypothesis, but are quantitatively and qualitatively consistent with the predictions of our model. experimental evolution | population dynamics | partial differential equations I f we accept that the presence of genes coding for flagella indicates the phenotype of self-propulsion, motility is an ancient and almost ubiquitous character in the eubacteria. Flagellar genes are significantly overrepresented in environmental samples of DNA (1, 2), and almost two-thirds of sequenced bacteria with phenotypic annotations are motile (3). Why is motility so widespread? At a qualitative level the obvious answer is almost certainly true: In most of the habitats in which bacteria reside, nutrients are not evenly dispersed. Cells with the facility to propel themselves have more access to resources than those that move solely at the whim of external forces. This qualitative answer, however, raises a number of quantitative questions that have to be addressed for a comprehensive understanding of the ecological conditions under which natural selection will favor the evolution and maintenance of motility. Under what conditions will the relatively weak propulsion ability of a bacterium enable it to overcome the viscosity (resistance to flow or gumminess) of its environment for its movement to be effective? Under what conditions will movement in random directions provide a bacterium with an edge in the acquisition of resources when competing with bacteria that are nonmotile or less motile? In contemporary bacteria, motility is commonly coupled with chemotaxis, i.e., the sensory and signaling machinery needed to direct their motion toward nutrients (4-6). Logic, retrospective evidence, and, as we show here, mathematical models and experiments all suggest that chemotaxis evolved in bacteria that were already capable of selfpropulsion in random directions.
experimental evolution | population dynamics | partial differential equations I f we accept that the presence of genes coding for flagella indicates the phenotype of self-propulsion, motility is an ancient and almost ubiquitous character in the eubacteria. Flagellar genes are significantly overrepresented in environmental samples of DNA (1, 2) , and almost two-thirds of sequenced bacteria with phenotypic annotations are motile (3) . Why is motility so widespread? At a qualitative level the obvious answer is almost certainly true: In most of the habitats in which bacteria reside, nutrients are not evenly dispersed. Cells with the facility to propel themselves have more access to resources than those that move solely at the whim of external forces. This qualitative answer, however, raises a number of quantitative questions that have to be addressed for a comprehensive understanding of the ecological conditions under which natural selection will favor the evolution and maintenance of motility. Under what conditions will the relatively weak propulsion ability of a bacterium enable it to overcome the viscosity (resistance to flow or gumminess) of its environment for its movement to be effective? Under what conditions will movement in random directions provide a bacterium with an edge in the acquisition of resources when competing with bacteria that are nonmotile or less motile? In contemporary bacteria, motility is commonly coupled with chemotaxis, i.e., the sensory and signaling machinery needed to direct their motion toward nutrients (4) (5) (6) . Logic, retrospective evidence, and, as we show here, mathematical models and experiments all suggest that chemotaxis evolved in bacteria that were already capable of selfpropulsion in random directions.
For natural selection to favor motility for the acquisition of nutrients by bacteria, their environment must be physically structured in such a way that nutrients are not equally available to all cells. Thus, to address questions about the conditions for the evolution and maintenance of motility theoretically (with mathematical models) and experimentally we cannot use the traditional modeling and experimental tools of bacterial population biology. These tools consist of ordinary differential equations (ODEs) (7) and experiments performed with bacteria in liquid medium in the well-agitated flasks and chemostats of laboratory culture (8, 9) . Both of these "tools" consider bacterial populations as arrays of planktonic cells cavorting about in an environment that, from the perspective of an individual bacterium, is dimensionless.
Experimentally addressing questions about the role of the physical structure of the environment in the ecology and evolution of bacteria is relatively straightforward. At least two methods have been used: one is with the bacteria embedded in a semisolid, like soft agar (10) or Pluronic F127 (11) , and the other is with the bacteria spread on the surfaces of harder agar media (12, 13) . More complex and realistic experimental systems can also be used to address these questions. For example, in a recent study the relative ability of strains of Vibrio cholerae to colonize zooplankton was examined in laboratory culture with Daphnia (14) . However, there are limits to the inferences one can draw about natural populations from purely experimental studies. It has been proposed that "studying population biology without mathematical or computer simulations is like playing tennis without a net or boundary lines" (15) . Although some readers may not agree with this perspective, most will appreciate the utility of mathematical models for the design and interpretation of empirical studies and generalizing on their results.
Analyzing models of bacteria in physically and spatially structured habitats is more challenging than the same analysis for planktonic bacteria. The most widely used spatial population models are i) partial differential equations (PDEs) and ii) agentbased or cellular automata simulations. PDEs allow modeling at the level of populations, whereas agent-based and cellular automata simulations model individuals. PDEs with explicit diffusion terms have been used to explore the factors contributing to the shape of bacterial colonies (16) (17) (18) , the diffusion and uptake of resources in 2D habitats by growing populations of bacteria (19) (20) (21) (22) , and the population dynamics of allelopathy (23) . Agentbased and cellular automata models have also been used to study the growth and population dynamics of bacteria in physically structured habitats (12, (24) (25) (26) (27) . In general, the advantages of mathematical formalism and mathematical analysis evaporate with agent-based and cellular automata models.
Here we study the conditions for the evolution and maintenance of random motility in bacteria, using theory and experiments. We use a system of reaction diffusion PDEs to model the resource-limited growth and competition between bacteria with different motilities in a physically structured habitat. Our model predicts that the extent to which purely random motility will be favored is proportional to the viscosity of the environment and the rate at which the bacteria propel themselves through that environment. To test the predictions of our model, we use experimental populations of motile and nonmotile strains of Escherichia coli in liquid and soft agar culture. The results of our experiments are quantitatively as well as qualitatively consistent with the predictions of our model, namely, that knowing where they are going is not a necessary condition for motile bacteria to be favored in physically structured habitats. Our results indicate that the capacity for self-propulsion in a random direction is favored because it enables bacteria to move away from each other and thereby increase their individual access to limiting resources. The results of our theoretical and experimental analyses also support the hypothesis that the sensory and signaling apparatus associated with chemotaxis further augments the fitness of bacteria in physically structured, resource-limited communities.
Results
In Fig. 1A , we plot the ratio of total number of motile and nonmotile bacteria, M/N, predicted by our model after 4 d of competition with two initial concentrations of resource and different rates of diffusion. The prediction is clear: The advantage of motility increases with the amount of resource, R MAX , and the viscosity of the environment, measured by the decline in the diffusion coefficient D R . In Fig. 1B , we consider the effect of the diffusion of the motile strain, D M , on the M/N ratio with constant diffusion of the resource and the nonmotile strain, D R and D N . Over a broad range of values of the diffusion coefficient of the motile strain, D M , the M/N ratio increases. However, for D M sufficiently large, M/N declines, which is an artifact of the Neumann (zero flux) boundary condition used in the simulation. If the simulated Petri dish is larger, there is no decline (Fig. S1 ).
To empirically test the validity of the conditions predicted by the model, we used two strains of E. coli K-12 from the KEIO collection, a Nal r nonmotile strain (JW1059) and a wild-type motile strain, (JW5702), N and M, respectively. All experiments were performed in medium that contained distilled water with 1% or 0.1% tryptone without agar (liquid culture controls) or with 0.175% and 0.35% agar.
In Fig. 2A , we show the progression of population growth and dispersion over a 4-d period for the nonmotile and motile bacteria in 35-mm diameter Petri dishes. By the end of the second day, the M population appears to be distributed throughout the Petri dish, whereas the N population remains in the center of the dish. Although the volume covered by the N population increases with time, even after 4 d its population appears to remain in the center of the dish. To confirm this apparent dispersion and growth, we took plugs of agar from 5 mm and 15 mm from the edges of these Petri dishes, suspended the cells in saline, and estimated their densities. The results of this experiment are presented in Table 1 .
In Fig. 2 B and C we present the results of experiments with N and M alone and in mixed culture. In liquid by the end of the first day the cultures are nearly at their maximum densities. There was no evidence for the motile strain having an advantage over the nonmotile strain in either the rate at which it saturates the environment in single-clone culture or its competitive performance in mixed culture (Fig. 2B ). The outcome is very different in the structured habitat of soft agar. Here the M strain has a considerable advantage over the N both in the rate at which it saturates the habitat in single-clone culture and in competition with N in mixed culture (Fig. 2C ). Because the bacteria saturate these habitats, the M/N ratio ceases to increase after the third day. As predicted by the model (Fig. 1A) and seen by the increase in the M/N ratio, these advantages of motility are greater in medium with a higher concentration of the resource (1% tryptone) and greater viscosity (0.35% agar). Not only are these experimental results and theoretical predictions qualitatively coincident, they also are reasonably consistent quantitatively (compare Fig. 2C with 2D ).
In the experiments illustrated in Fig. 2 , the soft agar cultures were initiated with a needle placing a low density of bacteria into the center of the agar. Although this procedure is the experimental analog of our mathematical model, it is not the only way structured communities can be colonized by bacteria. A more likely situation would be for these habitats to be initially composed of bacteria that are dispersed throughout. To mimic this, we performed experiments similar to those in Fig. 2C with single clones or mixtures of motile and nonmotile E. coli, introduced into the agar while it was still liquid. The cultures were immediately vortexed to distribute the bacteria. The results of this experiment (Fig. 3) are virtually identical to the corresponding experiments with the needle inoculation procedure ( to compete for resources, the motile cells will have the considerable advantage shown in Fig. 3 . On the other hand, the simulations made with our PDE model do not fit the results of this experiment with randomly mixed cells as they do with the needle inoculation method (Fig. 3 and Fig. S2 ).
We stress that our model does not require directed movement to regions of greater resource concentration (chemotaxis) for motility to be favored. However, the experiments presented in . On the other hand, in single-clone culture motile but chemotactic negative strains of E. coli (Mot + Che − ) "swarm" in soft agar (28) . Therefore, it seems reasonable to anticipate that even without knowing where they are going, motile E. coli would have an advantage over nonmotile E. coli. To determine whether this is the case, we repeated the experiments presented in Fig. 2 with a Mot + Che − construct of E. coli, PS2001(ΔcheB, cheZ, and cheY) bearing a low copy number pLC576 plasmid carrying a cheY under lac promoter that was inducible for motility (29, 30) . As anticipated from the studies of Wolfe and Berg (28), the Mot + Che − strain diffuses through the habitat faster and farther than the Mot − Che + strain (Fig. 4A) . In single-clone agar culture the motile strain saturates the habitat faster than the nonmotile one. There are no differences between strains in this saturation rate in liquid, although in liquid, the motile strain seems to die off more rapidly than the nonmotile one. As with the Mot + Che + strain experiments depicted in Figs. 2 and 3 in agar, the motile strain is more fit than the nonmotile one. As measured by M/N ratio, the extent of this fitness advantage of the Mot + Che − strain in agar is less than that of the Mot + Che + strain.
Discussion
We interpret the results of this study as support for the hypothesis that even without the directional information associated with chemotaxis, motility provides bacteria with an advantage in the rate at which they saturate and compete in resource-limited, physically structured habitats. Motile bacteria are able to move away from each other faster than nonmotile bacteria and thereby increase their likelihood of entering regions of more abundant resources.
In our model and experiments, the initial concentration of resources was homogenous throughout the habitat. However, as the bacterial population grows it consumes resources in its vicinity faster than those from more distant regions. Within short order, resource concentration gradients are formed. Although the bacteria are equally likely to move toward regions where resources are depleted as they are to regions where they are abundant, the consequences of moving in these two directions are different. As assumed by our model and manifest in our experiments, bacteria entering an area of greater resource concentration divide more rapidly than those entering areas of lower resource concentration and colonize those richer regions. As predicted by our model, this motility advantage increases with the viscosity of the environment and the extent to which the populations grow (the resource concentration effect).
Whereas our model does not explicitly account for chemotaxis, it does so implicitly. From the population dynamic perspective considered in our model and experiments, the effect of chemotaxis on the speed of the front of the spreading colony (20, 22) is the same as increasing the undirected, diffusive motility of the bacteria. In essence, chemotaxis increases the net rate of bacterial movement to regions of higher resource concentration. In this interpretation, chemotaxis further augments the fitness of already motile bacteria in physically structured, resource-limited habitats. Chemotaxis augmenting the fitness of motile bacteria can be seen by comparing the extent of the advantage of the Mot + Che + strain (Fig. 2) and the Mot + Che − construct (Fig. 4) . See ref. 31 for a more detailed theoretical consideration of the adaptive value of chemotaxis vs. undirected motility.
In our experiments, we mimicked a physically structured habitat with the bacteria embedded in soft agar (10) rather than on the surfaces of hard agar (12, 13) . Recent experiments with V. cholerae, however, provide evidence that motility would also be favored for bacteria growing on surfaces. In a study of the fitness costs of phage-resistant mutants of V. cholerae, Wei and colleagues found that although the motile strain used as a common competitor had a disadvantage in liquid culture, it had a considerable advantage over the nonmotile strain when grown on filters suspended on hard agar (14) .
Because the PDE model used here explicitly accounts for spatial heterogeneity in resource availability and the movement of bacteria, it is a far better analog of resource-limited population growth and competition in physically structured habitats than ODE models are. As with ODE models, this PDE model can be extended to other ecological and clinical situations that may be influenced by the physical structure of the habitat, such as phage and protozoan predation, plasmid transfer, and the pharmacodynamics of antibiotics. Moreover, the solutions of the PDE model used here are robust, and errors in their predictions can be estimated analytically (SI Methods).
On the other hand, the model used here is a simplistic caricature of bacterial growth and competition in physically structured habitats. It is not expected or even desired to be a quantitatively precise analog of these processes. The role of this model was to facilitate the design and generate hypotheses for our experiments and interpret and provide generality to their results in a qualitative way. However, as noted in Fig. 2 , the predictions of the model and the results of our experiments are quantitatively as well as qualitatively coincident. Although this is certainly gratifying, we see it as a lagniappe rather than something we anticipated. Although the model's parameters are in a realistic range and the solutions are robust with respect to changes in these parameters, this model is for a 2D habitat, whereas the experimental habitat is 3D. Moreover, as far as this model goes, motility will be favored no matter how viscous the habitat may be. Taken to the extreme this cannot be true. The power of the flagella and other motility machinery needed to propel bacteria is modest (32); bacteria would not be motile if embedded in very viscous substrates.
Our hypothesis that motility evolved and is maintained because it enables bacteria to get away from competing cells is not inconsistent with the hypotheses that this capacity to move is favored because of chemotaxis (20) , to escape the clutches of predatory protozoa (33), or to facilitate adhesion to tissues by fimbriae (34) . This move to get away from peers provides broader and more ecologically general conditions for motility to be favored than these other mechanisms. It does not require the bacteria to recognize gradients in nutrient concentrations, or to confront predators, or to live in specific habitats. All that is needed is a physically structured environment of the sort in which most real-world bacteria live.
Our conjecture that motility evolved before chemotaxis is based on logic and inductive inference rather than having witnessed this evolution. We have, however, added plausibility to this conjecture. We have demonstrated theoretically and validated experimentally the necessary condition for this evolutionary progression, that motility can be favored in the absence of chemotaxis. Phylogenetic data are also consistent with our conjecture for an evolutionary progression from motility to chemotaxis. Whereas the flagellar genes are highly conserved among motile species, the sensing, signal transduction, and transcription factors associated with chemotaxis vary among species and habitats and are used with modifications for diverse cellular tasks (35) (36) (37) (38) (39) (40) .
Methods
Model. We assume a 2D matrix with two populations of bacteria of different levels of motility and a limiting resource. The latter is taken up by and converted into bacteria as a hyperbolic function of its concentration (41) at different points in this matrix. With these definitions and assumptions, the rates of change in the densities of bacteria and concentration of the resource in this matrix are given by a set of partial differential equations, A B 
where b M = b M (x, y, t) and b N = b N (x, y, t) are, respectively, the densities of the motile and a less or nonmotile bacteria, M and N, at a point (x, y) at a time t and r = r(x ,y, t) is the corresponding concentration of the resource. We assume that M and N have the same maximum rate of cell division, α·h −1 , and the same concentration of the nutrient at which their rate of cell division is half its maximum value, the Monod constant, k μg/mL. We also assume that the rate of bacterial death is negligible. The parameter v μg/h is the maximum per-capita rate at which bacteria consume the resource. D M , D N , and D R cm/h are, respectively, the diffusion coefficients for the M and N bacteria and the resource.
Numerical Solution and Stability. Because this nonlinear system of partial differential equations has no closed-form solution, we use numerical methods to simulate solutions. For our numerical analysis of the properties of these models we assume i) the difference between the motile and nonmotile bacteria is solely in their respective capacities to diffuse, D M > D N ; ii) initially the resource is homogeneously distributed throughout the matrix, r(x, y, 0) = constant; iii) low initial densities of bacteria are localized at the center of the matrix; iv) there is no flow of bacteria or resources into or out of the matrix; v) the bacterial growth α and resource uptake-conversion parameter v are in a range estimated for E. coli K-12 in glucose-limited minimal medium (9); and vi) the diffusion coefficients and parameters are similar to those estimated with a thin tube assay (16, 42, 43) . Simulations commence with an initial resource concentration R MAX and all of the bacteria at the central point. To avoid the problem of instabilities commonly encountered when solving partial differential equations numerically, we devise an implicit scheme and prove that it possesses stability and consistency properties that make its application highly reliable (SI Methods). Copies of the Matlab programs used for these simulations and instructions for their use are available from the authors.
Experimental Methods. The E. coli used in this study are from the Keio collection (44) . The motile (M) strain is JW5702 crp and the nonmotile (N) one is JW1059 flgA. To distinguish these strains by plating, we used a spontaneous Nal r mutant of the N strain. The results of our competition experiments between the ancestral JW1059 and JW1059 Nal r failed to detect fitness differences associated with this Nal r marker. As is the case for all Keio strains, our M and N bacteria bear a Kan r marker.
The PS2001 (ΔcheB, cheZ cheY) strain we used for our Mot + Che − strain had been transformed with a low copy number pMS164 Cm R plasmid carrying a cheYD 13K gene with an inducible lac promoter (29, 30) . We induced this gene and thereby motility by adding 0.5 mM IPTG to the liquid and soft agar media. To ensure the maintenance of the plasmid 25 μg/mL chloramphenicol was also added to the media. By conjugation we transferred an R1 (Cm K m Am Str Sp) plasmid to JW1059 Nal r so this Mot − Che + strain would also be resistant to the chloramphenicol in the medium. All of the motility experiments were done in 35-mm diameter Petri dishes (351008; Falcon) containing 5 mL of medium, 1% tryptone or 0.1% tryptone, and 0.5% NaCl with either 0.35% agar or 0.175% agar. The densities of bacteria were estimated in LB agar with 25 μg/mL kanamycin (N and M) and LB agar with 20 μg/mL naladixic acid (N only). The soft agar cultures were initiated in two ways: i) A needle was dipped into diluted 37°C LB overnight cultures of N or M or mixed M and N cultures and then gently stabbed into the center of the agar surface of the Petri dishes (Figs. 2 and 4) or ii) between 20-50 cells were suspended in the soft agar before pouring it into the Petri dishes (Fig. 3) . For each experiment, two independent replicate cultures were prepared for each day's sampling for a total of eight plates. Three independent estimates of the densities of these cultures were made for each time point. The parallel liquid culture experiments were performed with 2 mL of agar-free 1% or 0.1% tryptone in the wells of 12-well plates, (Falcon; 353043), for a total of six cultures for each experiment, two each of N only, M only, and M and N. All cultures were incubated at 30°C at high humidity to minimize drying. To suspend the bacteria in the agar culture for sampling, the agar was put into tubes containing 10 mL 0.85% saline and vigorously vortexed for between 45 and 60 s.
For clarity and aesthetic reasons we elected not to include the error bars in the estimates of the densities and ratios in Figs. 2-4 . The sampling errors obtained in our experiments were negligible relative to the magnitude of the effects of motility in the soft agar experiments. Considering the 1% tryptone results in Figs. 2 and 3 , for the liquid culture experiment in Fig. 2B , the ratio of the SE to the mean for the estimated cell densities of the combined experiments over the 4 d was 0.08 and for the M/N ratio was 0.23. For the needle inoculation method in 0.35% agar in Fig. 2C the corresponding ratios were respectively 0.11 and 0.22. And for the random distribution experiment in 0.35% agar in Fig. 3A , these ratios were 0.11 and 0.15, respectively.
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